ABSTRACT: Physical properties of old-growth Douglas-fir [Pseudotsuga rnenzjesll (Mirb.) Frankco] forests in the west coast regions of North America have received very httle attention aver 30 yr of extensive research. This study was aimed at characterizing the forest microclimate and its variability over the growing season (June to October). Three 200 m line transects in the intenor area of an old-growth Douglas-fir forest of the Wind River Experimental Forest, Gifford Pichot National Forest, Washington, USA, were used to install randomly 8 automatic-recording systems to quantify growing-season microclimate and variability in 1990 and 1992, including air and surface soil temperature (T, and Ts), relative humidity (h), wind speed (v), and solar radiation (R,) The maximum differences in Ta, T,, h, R,, and v recorded over 40 sampling days were 2.7"C, 5.g°C, 7 6 % , 0 8 kW m-2, and 0.5 m S -' , respectively; clear diurnal patterns were detected for all 5 variables with greater varlabll~ty during the day than at night, changes in temperatures and relative humidity over time appeared to be more predictable than those in wlnd speed and solar radiation. Local weather condition was linearly related to the above variability a n d , therefore, can be used as a reliable mdependent vanable to predict a forest's ~I C I -o c l m a t e and variability. Results concluded in this study are essential in providing microclimatic perspective In evaluating silv~cultural alternatives for the region in creation of old-growth-like forest structure.
INTRODUCTION
In recent years the dramatic loss of old-growth forests and their associated ecological, economic, and social values worldwide has attracted special attention both among the public and in the scientific community. Old-growth forests are valuable for providing unique wildlife habitat and high quality timber, maintaining overall ecosystem health, and offering great recreational and educational opportunities for people. Remnant stands of old-growth forests are critical for understanding relations between natural disturbances and ecosystem structure. This knowledge will be crucial in developing silviculture alternatives within overall ecosystem conservation (Barnes 1989 , Perry & Maghembe 1989 , Runkle 1991 , Franklin 1992 , 1993 , Swanson & Franklin 1992 .
Extensive studies of the structure and function of old-growth forests were pioneered in the Pacific Northwest of North America as part of the International Biological Program (IBP) in the 1970s and have continued since the 1980s with the Long-Term Ecological Research (LTER) program. These studies have significantly influenced and stimulated old-growth research nationally and globally (Sollins et al. 1980 , Parker 1989 , Maser 1994 , Tyrrell & Crow 1994 . Previous studies have demonstrated that old-growth Douglas-fir [Pseudotsuga menziesii (Mirb.) Frankco] forests are highly conlplex in structure. For example, these forests range widely in species, age, and size; snags and down logs are common, and high levels of spatial heterogeneity characterize canopy gaps, understory vegetation, and wildlife species. Forest function is equally complex, as indicated by high-quality wildlife habitats, high soil productivity, and ecosystem resiliency (Franklin et al. 1981 , Franklin & Spies 1984 . Protection of extant old-growth forest and efforts to create old-growth-like stands have become a major concern in the Pacific Northwest (FEMAT 1993) and elsewhere (Frelich et al. 1993 , Mladenoff et al. 1993 , O'Hara et al. 1994 . For example, current practices of uneven-aged management through group harvests, mimicking windthrows to create canopy gaps, green-tree retention with various longer rotations (Johnson et al. 1991 , FEMAT 1993 , and aggregating harvest activities at landscape levels are all aimed at this goal (DeBell & Curtis 1993 , Swanson & Franklin 1992 .
Current and previous studies have attempted to define old-growth conifer forest of the Pacific Northwest (OGDTG 1986 , Barnes 1989 and to quantify features of its structure, function, and dynamics (Franklin & Waring 1980 , Franklin et al. 1981 , Franklin & Spies 1984 , Spies & Franklin 1988 , Bradshaw & Spies 1992 . These features include the roles of coarse woody debris (Harmon et al. 1986 , Maser et al. 1988 , the historical influence of natural disturbances (Hemstrom & Frankhn 1982 , Runckle 1985 , Agee 1991 , the spatial characteristics of old growth at landscape levels (Ripple et al. 1991 , Spies et al. 1994 , Wallin et al. 1994 , and wildlife habitat and biological diversity (Hansen et al. 1991 , Ruggiero et al. 1991 In contrast, very little is known about the physical environment of old growth, such as microclimate and CO2 distribution, or the relation of the environment to the structural characteristics of these forests. Current data on microclimate conditions influenced by forest structure in old-growth Douglas-fir forest are essentially limited to results from long-term monitoring at a single station (Bierlmaier & McKee 1989) , although such data are also scattered within reports of other ecological investigations (e.g. Edmonds 1980 , Franklin & Waring 1980 , Chen et al. 1993b .
Studies of microclimate variation under old-growth canopies are critically important in understanding overall ecosystem structure and function. This is true because microclimate directly influences, or is correlated to most ecological and physiological processes (e.g. germination, abundance, and distribution of understory vegetation, decomposition) (Waring & Schlesinger 1985) . Our working hypothesis is that significant microclimatic variability within the oldgrowth forests exists because forest canopies are vertically complex and horizontally heterogeneous. Logically, these structural variations will produce a highly variable microclimate compared with that of early successional stands characterized by continuous or single-layer canopies. For example, the amounts of and changes in solar radiation, air and surface soil temperature, and moisture within canopy gaps clearly differ as a function of canopy continuity (Canham et al. 1990 ). Furthermore, consideration of relations between canopy structure and forest microclimate is essential in developing, evaluating, and improving adaptive silviculture alternatives like the green-tree retention of 'new forestry' or in overall ecosystem management practices (Franklin 1992) , largely because microclimatic changes are the most immediate consequences following the silvicultural manipulations (e.g. light and moisture). Some first-order questions include: (1) how much variation in microclimate exists under the old-growth canopies? (2) are these patterns of variation constant over time? and (3) how do local weather conditions affect these variations over time?
In the Pacific Northwest, scientists are proposing an array of harvesting methods that incorporate techniques like green-tree retention and the creation of canopy gaps. These are intended to produce oldgrowth characteristics and thereby maintain the complex functions of the ecosystems, which in turn would facilitate multiple uses of the forest (Franklin 1992 , DeBell & Curtis 1993 . Microclimate and its variation and their relationship to various harvesting alternatives can be useful when making predictions concerning germination and understory vegetation and also when assessing the success of silviculture methods as reflected by microclimate variables at different harvested sites. For example, North et al. (1996) found that species richness in green-tree retention sites is significantly higher than that at clearcuts and adjacent intact mature stands. Consideration of microclimate and microclimatic variability within stands offers potential explanations of their findings, and further information for modification of current silviculture methods towards an ecological management of forest ecosystems.
Early studies examining how forest edges affect microclimate patterns compared the microclimate of old-growth Douglas-fir forest with adjacent landscape elements (Chen et al. 1993b (Chen et al. , 1995 ). An empirical model was developed to predict interior forest temperature based on local weather conditions (Chen et al. 1993a ). In the study presented here, the primary objective was to quantify microclimate variability within an old-growth Douglas-fir forest during the growing season to provide the scientific community with first-hand data on the old-growth environment. The variables air and surface soil temperature, relative humidity, shortwave radiation, and wind speed during the growing season were monitored to quantify: (1) the diurnal changes in residuals for each variable; (2) the diurnal changes in climate variabilitles as expressed by their standard deviation during the sampling periods; and (3) the influences of local weather conditions on the above diurnal patterns. 1 6 6 6 6 6 6
MATERIALS AND METHODS
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The study area is on a gentle (~5 " ) slope that faces southeast (232"). Dispersed clearcuts and plantations in the 1970s and early 1980s fragmented the forest there, so that it is now best characterized as having a 'checker-board' pattern (Franklin & Forman 1987) . In one of the largest forest patches and in the most continuous patches, we installed weather stations using the centers of the patches in order to minimize edge effects; all stations were at least 250 m from the nearest clearcut edge or road. The large patch contains canopy gaps of various sizes, due to interactive disturbance events by several major fires in the early part of the century and frequent winds from the Columbia Gorge. Trees found here included western hemlock Tsuga heterophylla (Raf.) Sarg., scattered large Douglas-fir, sparsely distributed Pacific silver fir Abies amabilis Dougl. ex Forbes, Pacific yew Taxus brevifolia Nutt., western red cedar Thuja plicata Donn ex D. Don, and vine maple Acer circinatum Pursh. Major shrubs included various species of Vaccinium, salal Gautheria shallon Pursh, and Oregon grape Berberis nervosa Pursh.
Three 200 m line transects with random bearings of 140°, 45", and 105" were laid out (df = 18) in May 1990. Using a random number generator, 6 locations were selected along each transect for installing weather stations. At each location, a mobile tripod holding 1 relative humidity and temperature sensor, 1 anemometer, 3 radiometers, 1 surface soil temperature sensor, and a cooler with data loggers were set up. At a distance of 15 m from each of the 6 central locations along the transect, 2 additional locations were selected for installing air and surface soil temperature sensors ( Fig. 1 ). This design provided 18 sets of data on air temperature, soil temperature, and light, as well as 6 sets of wind speed and relative humidity data. All of these ( 0 ) were allocated along the transect to measure air temperature, relative humidity, and w~n d speed, and 3 locations were allocated for measuring short-wave radiation at 2 m above the ground and for surface soil temperatures at 5 cm within the soil. Two additional locations (0) at 15 m distance from each of the 6 points along the central transect were allocated to sample 2 additional air and surface soil temperatures readings were obtained during 3 sampling periods: July 2 to August 6, 1990 and August 28 to September 3, 1990 for Transects 1 and 2; and July 7 to August 2, 1992 for Transect 3. A permanent weather station which also recorded all the foregoing variables was installed at the center of an adjacent clearcut to the transects, and these data have been used throughout this paper to characterize 'local' weather conditions. Air temperature, relative humidity, short-wave radiation, and wind speed sensors were mounted 2 m above the ground, and surface soil temperature sensors were placed in the soil at depths of 5 cm. Measurements of each variable were recorded every 15 S and averaged over 30 min intervals (Table 1) . Over the 3 sampling periods, conditions were sampled on a total of 41 days, 35 of them complete days from 00:OO to 24:OO h. These 35 include Days 1 to 10 for Transect 1, Days 11 to 15 for Transect 2, and Days 16 to 35 for Transect 3 (see Fig. 3a ).
2.2. Data analysis. To quantify the absolute differences of microclimate variables, a minimum value at any given time was used as a reference to subtract from other repeated measurements over the entire 41 d of the 3 sampling periods. Using air temperature as a n example, absolute difference in air temperature The maximum values were used to compute absolute differences in relative humidity. A zero value (i.e. the minimum) was used to compute short-wave radiation and wind speed differences through the above analysis. Local weather conditions strongly influence microclimate and its variability under forest canopies (Oke 1987) and they can be used as independent variables for predicting forest microclimate (Chen et al. 1993a) . In this study, we used daily maximum [MAX(T,)] and difference [DIFF(Ta)] (i.e. maximum -minimum) recorded at the center of the clearcut as the major variables describing local weather conditions. The influences of these derived variables on each microclimate variable was examined by plotting the diurnal changes of SD(ATa) against the corresponding MAX(T,) and DIFF(T,). Air temperature dfference (AT,) under the old-growth forest canopy varied an average of 0.25"C at night (before sunrise) and 0.6"C during the day and ranged as high as 1.5 to 2.7OC (Fig. 2) . The increasing trend in AT, began at 06:OO h, peaked in mid-morning at 09:OO-10:OO h, then gradually decreased to its night level (after 17:OO h). Based on the 35 sampling days, there appeared to be great variabil~ty among these left-skewed, bellshaped diurnal patterns (Fig. 3a) , including a typical leftskewedshape (Days 1 , 3 , 6 , 7 , 8 , 14, 15, l?, 19, 20, 22, 31, 32 , and 34), a multi-peaked shape (Days 2 , 4 , 23, 24, 30, and 33) , and a flat shape (Days 26, 27, and 28). Furthermore, small-scale vanability in SD(AT,) was hlgher in the daytime than at night (Fig. 3a) .
RESULTS
Air temperature (T,)
A box plot of SD(ATa) over the 35 sampling days indicates that the small-scale variability of air temperature was caused by extreme high values (Fig. 3) . Although diurnal changes in minimum, average, and 95 % confidence intervals of SD(AT,) were rather stable, indicating a high predictive capability, maximum values were more erratic (Fig. 3b ). Higher variation in SD(ATa) at about 02:OO h was primarily caused by 3 high values on Days 23, 24, and 33 (Fig. 3a) .
Local weather conditions during the sampling periods (Fig. 4) contributed significantly to the diurnal patterns in SD(AT,). Under cooler and stable conditionsthat is, low DIFF(T,)-diurnal changes in SD(AT,) were less obvious, but they showed a linear increase with MAX(Td) and DIFF(T,), especially during the daytime. Erratic values causing larger variability on SD(AT,) occurred on days with higher MAX(T,) and DIFF(T,) values.
Surface soil temperature (T,)
Changes in surface soil temperature difference (AT,) existed, and several major features are apparent when compared with diurnal changes in AT,: (1) average AT, during both daytime (= 1.15OC) and nighttime (= 1°C) hours were much higher than the average values of AT,; (2) the maximum AT, was as high as 3°C at night and 5.g°C in the day; (3) AT, peaked later than AT, at about 11:OO h, and the peak lasted for 5 to 6 h, to 16:OO h; and (4) small-scale fluctuation was absent or very minor (Fig. 5) .
Diurnal patterns of SD(AT,) over the 35 sampling days were also different from SD(ATd) (Fig. 6a) . These patterns typically showed a single peak centered around 12:00 h (Days 16-25 and 29-35), twin peaks during the daytime (Days 1-8), a trough shape during the middle of the day (Days 12-14) , or a flat shape (Le, no diurnal pattern, Days l l and 26-28). Statistics over the 35 days also suggest that these durnal changes in SD(ATs) were more (Fig. 10) . Unpredictable values for SD(Ah) based on its relation to DIFF(Ah) or MIN(Ah) occurred mostly from 12:00 to 24:OO h.
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3.4. Short-wave radiation (R,) Fig. 6b ).
area may be identical with the light level at any given Influences of 'local weather conditions' on the diurtime beneath the canopy. However, at 2 periods during nal changes in SD(AT,) were also similar to SD(ATa) the day (09:15-10:15 h and 12:15-14:15) AR, reached (Fig. 7a) . However, the relation between SD(AT,) and higher values.
MAX(T,) was closer to exponential, while the relation
The twin-or triple-peak phenomenon was common between SD(AT,) and DIFF(T,) was linear (Fig. 7b) .
over the 35 sampling days (Days 1-3, 5-9, and 20-30) Furthermore, the linear nighttime relation between (Fig. 12a) . Based on Fig. 12a , it is evident that Days SD(AT,) and DIFF(T,) lasted until noon (12:OO h), 10-15 and 26-28 had a flat diurnal pattern (i.e. cloudy whereas the non-linear nighttime relation between skies) and this may help in interpreting the small and SD(AT,) and DIFF(T,) switched earlier, at 10:OO h. stable variations in temperature and moisture (Figs. 3a, 6a & 9a). Three peaks in SD(AR,) were caused by a high light level at about 09:45 h and 12:45 h during the 3.3. Relative humidity ( h ) sampling of Transects 1 and 2 and at 14:15 h during the sampling of Transect 3 (Fig. 12a) . In short, 95% confiAverage diurnal changes in relative humidity (Ah) dence intervals were narrower (i.e. more predictable) showed lower values at night (0.6%) and higher values with the extreme high values (Fig. 12b) . during the day (1.5%), with maximum values of 3.8
The variation in short-wave radiation [SD(AR,)] bore and 7.6%, respectively (Fig. 8) . Three peaks during the a linear relation to the light level in the open area daytime were recorded at about 09:45, 14:15, and (R,,) (Fig. 13 ). Higher variations seemed to occur 18:15 h. Small-scale variation in Ah at night was around noontime, with the highest values immedismaller than during the day.
ately before or after 12:OO h. The linear relation The triple-peak phenomenon was caused primarily between SD(AR,) and R,, was stronger in the early by different diurnal patterns during the sampling penmorning and late afternoon than around noontime. ods. Based on Fig. 9a , it is clear that SD(Ah) at night
The correlation between SD(AR,) and R,, decreased was low during most sampling days and peaked in the as R,, increased. late morning (10:OO to 12:OO h). A twin-peak pattern was common (Days 3, (8) (9) (13) (14) (15) 23, 26, 30, (31) (32) (33) (34) (35) , but other patterns over 24 h were also 3.5. Wind speed (v) recorded; for instance SD(Ah) values were either consistently high (Days 4 and 21-24) or low (Days l 1 and
The diurnal changes in wind speed (AV, m S-') 27). Like diurnal changes in SD(AT,), average changes appeared high during the day (09:OO-16:OO h) and low in SD(Ah) were highly predictable (see their 95% conat night (Fig. 14) . However, this diurnal pattern was fidence intervals in Fig. 9b In old-growth Douglas-fir forest, the dura- differences the small scale variation and the absolute variability in this study was obscured through averaging, i.e. we lose details or high values in A V were found for 3 periods: 01:45-noise at broader scales. Similarly, microclimatic vari-03:45, 10:15-14:15, and 17:25-22:15 h. Although a typability at broader temporal scales, such as daily, seaical diurnal pattern for AV was found on Days l , 5, 6-7, sonal, and yearly, can not be quantified in this study. 9, 18, and 24, many other patterns also existed, as
Better understanding of microclimatic variability expressed by SD(Av). These included patterns of calm requires spatial information about the forest strucat night and wind during the day (Days 2-5, 11-17, ture-especially canopy structure-in the vicinity of 19-22, 25-26, and 29-35) , staying either consistently the sampling locations. Strong relations exist between high (Day 23) or low (Days 10, 12, and 27), (Fig. 15a) forest microclimate and vegetation characteristics such throughout the 24 h. Basic statistics for SD(Av) suggest as canopy coverage and layers, leaf area index, coverthat wind speed variation inside the forest was highly age by understory shrubs and herbs, and litter depth predictable but strongly influenced by extreme values (Hungerford & Babitt 1987, Chen et al. 199313) . For (Fig. 15b) .
example, a study of solar radiation within and around Diurnal patterns with low variation around 06:OO h circular gaps found that the greatest extremes of were recorded (Fig. 16) . Unlike other microclimate microclimate variation were in the northern part of variables, the diurnal changes in SD(Av) correlate only canopy gaps rather than in the center (Canham et al. weakly with the external wind speed (i.e. wind speed 1990). Our results showing a larger variation in soil in the clearcut). High SD(Av) values occurred at all moisture and solar radiation were probably also times of day, depending on the different external wind caused by this small-scale heterogeneity of forest speeds (Fig. 16) ; probably this is because the maximum structure (also see Hungerford & Babitt 1987, Chen et external speed during the sampling periods was only al. 1993b). Our original objective in this study was to 2 m S-'. characterize climate variability. However a lack of information about the spatial locations of weather stations and corresponding canopy structure made it impossible to explain this microclimate variability mechanistically. In future studies, field measurements Spatial and temporal differences in all microclimate of spatial information and relationships should not be variables under old-growth forest canopies were ignored. recorded during 3 sampling periods of 2 growing seaEmpirical studies of forest microclimate variability sons. In general, microclimate variation within the forcan also be made using energy budget or more sophisest was higher during the day than at night, although ticated turbulence theories (Oke 1987, Lee & Black different diurnal patterns existed among the variables. 1993). These process-based approaches will provide The times at which extreme values occurred during insight and precise predictions of the effects of forest the 24 h sampling periods also differed among the varimicroclimate at broader scales on differences in vegeables; variation in air temperature, relative humidity, tation, but they present 3 major difficulties: (1) tion structure and spatial heterogeneity are too difficult to sample and quantify, especially in old-growth forests; (2) instruments needed for energy budget or turbulence studies are costly, and, therefore, studies will be limited to a small amount of sampling; and (3) horizontal (or 3-dimensional) transport of energy in an old-growth forest is largely a stochastic process and therefore is almost impossible to quantify. In contrast, the empirical approach used in this study allows quantification and prediction of microclimate patterns based on simple measurements of local weather conditions. Such an economical approach may be more appropriate than other methods of predicting the temporal and spatial variability of forest microclimate, especially at medium (100s of meters) to large (kilometers) scales (Wooster 1989, Kuuseoks et al. in press) . Statistical relationships developed using this approach should also help to predict forest microclimate and variability when local weather conditions change. An example of this would be to predict forest microclimate under assumptions of global climate change, using a top-down approach to scale our model output into landscape and stand levels (Meentemeyer & Box 1987 , Giorgi & Mearns 1991 . Forest microclimate and variability described in this study can be directly used to interpret ecological processes near the ground (e.g. decomposition, regeneration, and development of patchy vegetation). However, the confidence level will decrease when results are extrapolated to predict processes higher than 2 m above the ground, such as overstory photosynthesis, growth, canopy epiphytes, and wildlife habitat. Research priorities in forest microclimate should seek answers to questions such as: (1) what are the microclimate profiles from the ground to the top of canopies? (2) how do these profiles change across the stand and over different temporal scales? and (3) what are the 3-dimensional patterns and dynamics of microclimate within a stand? Obviously, the development of eff~cient approaches and techniques, such as the use of a canopy crane, is essential in approaching these questions.
Results from this study are critical for evaluating and predicting other ecological processes for developing silvicultural alternatives. It is well documented in the scientific community that ecosystem structure and function are not spatially uniform across a forest stand. The forest floor of old-growth forests is typically characterized by patchy understory vegetation, regeneration mosaics, dynamic and variable sun flecks, etc. (Spies & Franklin 1988 , Canham et al. 1990 ). In a recent study on the spatial variation of nltrogen availability, Gross et al. (1995) found that 50% of variability is contributed at the stand level. Since these characteristics are directly or indirectly related to microcllmate, microclimatic studies need to be included as necessary components in any comprehensive ecosystem research, in order to predict quantitatively these variabilities. In management, numerous studies (Ghuman & La1 1987 , Hungerford & Babitt 1987 , Chen et al. 1993b have suggested that microclimate and its variability are directly related and can be predicted based on overstory structure. Therefore, assessment and development of alternative silvicultural treatments are possible based on such canopy/microclimate-process relationships. However, we must also conclude that results included in this study are based on field data collected in a n old-growth Douglas-fir forest and, therefore, can not be extrapolated to young, mature, or other oldgrowth forests.
CONCLUSIONS
Clear diurnal changes in microclimate variability were monitored over the growing season beneath oldgrowth canopies. The maximum differences for T,, Ts, h, R,, and V were 2.?"C, 5.g°C, 7.6%, 0.8 kW m 2, and 0.5 m S-', respectively.
Microclimate variation during the daytime is higher than at night. Lower variability usually occurs before sunrise and higher variability occurs between 09:OO and 16:00 h. Stronger small-scale variabilities in T,, h, and v were recorded.
Local weather conditions have a strong influence on the diurnal changes of all microclimate variables. Higher variability tends to be recorded on days with high extremes (MAX), daily differences (DIFF), and under partly cloudy skies.
